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Abstract
Wide range of improvements in the silicon integrated circuits and micromachining technology enables the development of various
sensing instruments. Micro Electro Mechanical System (MEMS) technology enables fabrication of micromachined components
and batch fabrication through Very Large Scale Integrated (VLSI) processing. InMEMS piezoresistive pressure sensor, temperature
can be considered as the main environmental condition which aﬀects the system performance. In this work, a study on the eﬀects
of temperature and doping concentration in a boron implanted piezoresistor for a high sensitive silicon based MEMS piezoresistive
pressure sensor is discussed. Using the fundamental semiconductor equations, the dependance of conductivity and hence the
resistivity of a piezoresistor on operating temperature and impurity doping concentration is analysed. It is also being observed
that in physical environment, the eﬀect of stress on the performance of MEMS pressure sensor will be more compared with the
temperature and for a given pressure output voltage varies in a linear manner. FEA simulation tool CoventorWareR© has been used
for the simulation.
c© 2016 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the Organizing Committee of ICACC 2016.
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1. Introduction
Pressure measurement is an integral part of many systems and pressure sensors play a major role in industrial
automation, biomedical applications1 and very harsh industrial and oceanographical applications2. Silicon is a suit-
able material to build pressure sensors on microscale. The size of pressure sensor fabricated in initial days was com-
paratively large compared with the present day pressure sensor. A conventional pressure sensor is bulkier and suﬀers
high pressure resistance, poor sensitivity, poor resolution along with large power consumption3. Silicon piezoresistive
pressure sensor is one of the most widely used pressure sensors. Among variousMEMS applications, MEMS pressure
sensors have received great attention because they constitute 60% to 70% of the MEMS market4. MEMS piezoresis-
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tive pressure sensor with resistors implanted on the diaphragm and the metallic contact is shown in Fig 1. The design
Fig. 1. MEMS Piezoresistive Pressure Sensor With Implanted Piezoresistors and Metallic Contacts
of the MEMS pressure sensor should be such that the variation in output according to temperature variation should be
minimum. Further, the influence of temperature on the performance of pressure sensor is to be deeply analysed. The
design of the MEMS pressure sensor should be such that the change in conductivity with temperature in the implanted
piezoresistor on the diaphragm is minimum. For achieving this, the doping concentration is to be properly optimized.
The work available in the literature for enhancing the sensitivity of pressure sensors, assume a fixed temperature.
Hence a MEMS pressure sensor with enhanced sensitivity and linearity over a wide range of temperature is of great
scientific significance and of practical importance. Further, the eﬀect of temperature in the conductivity of boron
implanted piezoresistors is also carried out. The information carried from the studies on diﬀerent mobility models is
utilised for optimizing the doping concentration.
2. Piezoresistive Sensing Mechanism
 
Fig. 2. MEMS Piezoresistive Pressure Sensor (a) Schematic cross section; (b) Wheatstone Bridge Configuration.
Schematic cross section of MEMS piezoresistive pressure sensor is shown in Fig 2 (a) and the resistors implanted
on the diaphragm are arranged in a wheatstone bridge configuration as shown in Fig 2 (b). When a pressure is applied
to the diaphragm, the diaphragm deflects and causes stress in the piezoresistors. The resistance change is linear with
applied pressure for thin and small deflections and this change is measured by a Wheatstone bridge circuit5. Under
zero applied stress, atoms occupy their actual position and are separated by lattice constant a in both directions. The
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solid material is in a relaxed state and when a pressure is applied on the piezoresistive material, the applied pressure
causes the solid to elongate in one direction and contract in the other direction. The change in resistivity due to applied
strain is called piezoresistive eﬀect. The electrical resistance of a piezoresistor can be expressed as in eqn 1
R =
ρl
A
(1)
where ρ is the resistivity in Ω cm, l and A are the length and cross sectional area of the resistor. The resistor which
is diﬀused on the diaphragm is subjected to longitudinal stress (σl) and transverse stress (σt). Πl and Πt are the
piezoresistive coeﬃcient in longitudinal and transverse direction respectively, the relative change in resistance of a
piezoresistor is given by eqn 2.
ΔR
R
= σlΠl + σtΠt (2)
When we apply pressure, R1 and R3 are subjected to longitudinal stress and they exhibit an increase in resistance.
Piezoresistors R2 and R4 are subjected to tangential stress and they exhibit a decrease in resistance. The output
voltage Vout of a Wheatstone is expressed as in eqn 36.
Vout = Vi
[
R1
R1 + R2
−
R4
R3 + R4
]
(3)
Vi is the input voltage to Wheatstone bridge, P is the applied pressure. The sensitivity S of a pressure sensor can be
expressed as
S = Vout
Vi
×
1
P
mV/V/MPa (4)
3. Analaysing the conductivity of implanted piezoresistor in MEMS Pressure Sensor
Temperature plays an important role in electrical conductivity by considering the energy band gap, intrinsic carrier
concentration, carrier mobility, doping concentration and ionization factor7,8. The energy band gap, Eg is aﬀected by
temperature according to the eqn 5.
Eg(T ) = Eg(0) −
αET 2
T + βE
(5)
For silicon Eg(0) = 1.17eV, αE = 4.73×10−4eV/K and βE = 636K. From eqn 5, it can be observed that band gap
decreases as temperature increases. Carrier density changes with temperature and doping and this will aﬀect the
electrical conductivity. Carrier density is a function of eﬀective density of states in the appropriate band. Ionization
factor is defined as the ratio of the number of ionized impurities to the total number of added impurities9. Mobility
describes the ease of carrier movement when a unit electric field is applied. At low electric field, the drift velocity (vd)
is directly proportional to mobility (μ in cm2/volt − sec ) and electric field strength ε.
vd = με (6)
The mobility is expected to decrease with temperature. Using Matthiessen’s rule10, the eﬀective mobility can be
estimated using eqn 7.
μ =
(
1
μl
+
1
μi
)−1
(7)
where μl and μi are the lattice and ionised impurity scattering. At lower temperatures, due to carrier freeze out,
conductivity is very small and at higher temperatures, the conductivity is very large but semiconductor becomes more
intrinsic in nature. The environmental temperature thus plays an important role in degrading the performance of
MEMS piezoresistive pressure sensor. The total strain εtotal induced on the MEMS piezoresistive pressure sensor is
the sum of mechanical strain εmechanical due to applied pressure and thermal strain εthermal due to temperature11. Both
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these strains are responsible for the variation in the dimension of implanted piezoresistor. The variation in the length
or strain of implanted resistor on the diaphragm of pressure sensor can be represented by eqn 8.
εtotal = εthermal + εmechanical (8)
Conductivity of piezoresistor is a function of temperature which is expressed by eqn 9.12
σ = q[n(T )μn(T ) + p(T )μP(T )] (9)
where q is unit charge, n(T) is electron concentration, μn(T) is electron mobility, p(T) is hole concentration and
μp (T) is hole mobility at absolute temperature T. The carrier concentration in a semiconductor is also aﬀected by
temperature. Using charge neutrality expression, the total charge in the piezoresistor can be expressed as eqn 10.
p − n + N+D − N
−
A = 0 (10)
where ND+ represents the number of ionized donors /cm3 and NA− represent the number of ionized acceptors /cm3.
Further,
np = n2i (11)
ni is the intrinsic carrier concentration. and
n =
n2i
p
(12)
Substituting eqn 12 in eqn 10, the hole concentration can be expressed as in eqn 13
p =
1
2
(
N−A − N
+
D
)
+
√(N−A − N+D
2
)2
+ n2i (13)
The fraction of acceptor impurities which contributes to the conductivity can be expressed as in eqn 1413.
η =
N−A
NA
(14)
Increasing the ambient temperature causes an increase in the intrinsic carrier concentration and the intrinsic carrier
concentration can be expressed as in eqn 15.
ni << |ND − NA | (15)
Based upon the above equations the expression for conductivity can be written as in eqn 16.
σ =
q
ηNA
[
T
9
2 3e−Eg kT + η2N2a T
3
2
]
(16)
The new mathematical expression developed for analysing the change in conductivity with temperature can be ex-
pressed as in eqn 17.
dσ
dT =
q
η2Na2
[
13.5T
7
2 e
−EG
kT
]
(17)
Equation 17 represents the change in conductivity with respect to temperature. By incorporating the eﬀect of doping
concentration and ionization factor the conductivity of the implanted piezoresistor can be modeled as in the following
section.
4. Optimization of Doping Concentration on Piezoresistor Perfromance
The fundamental equation that describes the conductivity (σ) in silicon can be modified in terms of carrier concen-
trations and mobilities as in eqn 18.
σ(T,NA) = q[n(T,NA)μn(T,NA) + p(T,NA)μP(T,NA)] (18)
From eqn 18, it can be seen that to estimate conductivity and hence resistance of piezoresistor, the carrier concentration
and the mobility need to be modeled accurately.
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4.1. Estimation of Carrier Concentration
Carrier concentration in a semiconductor depends on doping concentration and temperature of operation. Electri-
cal conductivity of implanted resistor depends on another important factor, ionization factor. The ionization of the
impurities depends on the thermal energy and the position of the impurity level within the energy band gap. Due to
ionization, the hole concentration in the piezoresistor can be written as in eqn 19.
p(T,NA) = η(T,NA)NA (19)
where η(T,NA) is ionization factor which indicates the fraction of acceptor impurities NA that contribute to the con-
ductivity and is given by eqn 20.
η(T,NA) =
NA
N A
(20)
The expression for conductivity from eqn 18 can be modified which explains the temperature and doping dependant
factors on electrical conductivity and is given by eqn 21.
σ(T,NA) = q
⎡⎢⎢⎢⎢⎣ n2i
η(T,NA).NA
μn(T,NA) + η(T,NA).NAμp(T,NA
⎤⎥⎥⎥⎥⎦ (21)
The following section explains the dependence of conductivity on carrier concentration and temperature.
4.2. Ionization
The ionization of the impurities is dependant on the thermal energy and the position of the impurity level within
the energy bandgap. The electrical neutrality can be expressed as in eqn 22.
p = N−A + n (22)
where n is the electron density in the conduction band, p is the hole density in the valence band and N−A is the ionized
acceptor concentration. Ionized acceptors can be expressed as in eqn 23.
N−A =
NA
1 + ge EA−EFkT
(23)
Where g is the ground state degeneracy factor, and EA is the acceptor level of boron in silicon (0.045eV) and EF
is the fermi level in silicon. In order to study the eﬀect of temperature on ionization factor, the ionization factor
at diﬀerent doping concentrations in a piezoresistor is studied as a function of temperature. The ionized acceptor
concentration shown in eqn 23 is used for computing the ionization factor and the variation of ionization factor with
respect to various doping concentration (NA) is shown in Figure 3. It is observed that the ionization factor decreases
with temperature and doping concentration. Thus it is important to note that, if the sensor is going to operate in a low
temperature regime, it is important to dope it high so that the conductivity is suﬃciently large to produce a significant
change at the output of Wheatstone bridge.
4.3. Estimation of Mobility
Carrier mobility is aﬀected by scattering mechanisms. For the mobility analysis of electrons and holes two diﬀerent
mobility models are considered namely.
• Caughey and Thomas low field mobility model
• Klassen low field mobility model
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Fig. 3. Ionization factor versus temperature for diﬀerent acceptor concentration
Fig. 4. Electron mobility and hole mobility as a function of temperature in Caughey Thomas model
4.4. Caughey-Thomas Low Field Mobility Model
Caughey-Thomas low field mobility model is also an empirical model based on data and fitting parameters. The
model has been developed using the experimental data and an empirical relationship is formed. Various parameters
used in eqn 24 are listed in Table 1. The relation for electron and hole mobility derived empirically in14 use the
experimental data developed in15,16. This analyses the variation of mobility with doping. The expression for electron
mobility and hole mobility which depend on temperature and doping concentration is given by eqn 24.
μn,p = μn,p1
( T
300
)αn,p
+
(
μn,p2
(
T
300
)βn,p)
−
(
μn,p1
(
T
300
)αn,p )
1 +
[(
T
300
)γn,p ( N
Ncritin,p
)Δn,p ] (24)
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Table 1. Various parameters used in Caughey-Thomas model
Parameter μ1 (cm2/Vs) μ2(cm2/Vs) α β γ Δ Ncrit(cm−3)
Electrons 55.24 1,429.23 0.0 -2.3 -3.8 0.73 1.072×1017
Holes 49.7 473.37 0.0 -2.2 -3.7 0.7 1.606 × 1017
This model gives the mobility values over the temperature range of 100K-600K. Carrier mobility using Caughey-
Thomas model for various doping concentration is Figure 4.
4.5. Klaassen Low Field Mobility Model
Klaassen low field mobility model evaluates majority and minority carrier mobilities by considering lattice scat-
tering, impurity scattering, carrier-carrier scattering and impurity clustering factors at high concentration. This model
is well defined for a temperature range of 70K-500K. The expression for mobility can be expressed as in eqn 25 and
eqn 2610.
μ−1n = μ
−1
nL + μ
−1
nDAP (25)
μ−1p = μ
−1
pL + μ
−1
pDAP (26)
where μn and μp are the low field electron and hole mobilities. μnL and μpL are the electron and hole mobilities due
to lattice scattering and μnDAP and μpDAP are the electron and hole mobilities due to donor scatteirng (D), acceptor
scattering (A) and carrier-carrier scattering. The electron and hole mobility as a function of temperature in Klassen
Fig. 5. Electron mobility and hole mobility as a function of temperature in Klassen mobility model
mobility model is shown in Figure 5.
5. Estimation of Electrical Conductivivty
The electrical conductivity incorporating carrier concentration using ionization factor are computed and anlaysed.
Since the Klaassen model is showing more matching result with the experimental data, the doping concentration is
optimized by using the Klassen mobility model. Electrical conductivity as a function of temperature for diﬀerent
values for acceptor concentration (NA) is computed and is shown in Figure 6. By analysing diﬀerent mobilty models
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the eﬀect of temperature on the electrical conductivity of the implanted piezoresistive material is analysed. The
conductivity value selected for the optimum doping concentration of 5×1016 are used as the input to the simulation
tool. By selecting the electrical conductivity as 2S/cm, simulations have been performed and the dimension of the
piezoresistors are selected such that at 300K the piezoresistor will have a resistance of 1kΩ. The eﬀect of thermal
Fig. 6. Electrical conductivity as function of temperature for diﬀerent acceptor concentration in Klassen model
strain should be more prominent under zero pressure condition. The variation of thermal strain on the dimension of
the piezoresistor can be represented as in eqn 27.
ΔL
L
= TCE × (ΔT ) (27)
where ΔL is the change in length and TCE is the temperature coeﬃcient of expansion. The structure is simulated
under stressed and unstressed conditions of implanted piezoresistor. The dimensions of piezoresistors are selected
such that at 300K the piezoresistor will have a resistance of 1KΩ. The dimensions of the implanted piezoresistors
are selected in such a manner that the length, width and thickness are 20μm, 10μm and 1μm respectively. The output
voltage is calculated for an input voltage of 2V. The pressure sensor structure is simulated for a diaphragm dimension
of 500 μm and thickness 10 μm under zero pressure and non- zero pressure values. The implanted piezoresistors are
placed at the middle of the edges of the diaphragm so that we are getting maximum output voltage and sensitivity. It is
also observed that there is a significant change in voltage when pressure is increasing. In order to verify the dominance
of piezoresistive eﬀect over temperature the change in resistance is calculated and it is compared for various pressures
in Figure 7. Thus, the selection of doping concentration of piezoresistor becomes an important role in determining
the sensitivity and noise immunity.
6. Conclusion
Temperature variations cause the electrical conductivity of the piezoresistive material to change which has an
eﬀect on sensor output. The variation of electrical conductivity with respect to temperature has been analyzed. The
performance of the piezoresistive pressure sensor in the presence of temperature is evaluated. An optimum doping
concentration of the implanted resistor plays an important role in optimizing the sensitivity and decreasing noise. The
eﬀect of piezoresistor on doping concentration is also evaluated in this section. It is observed that if the sensor needs
to be operated over very large temperature range, then the doping concentration should be small. The eﬀect of change
in stress on output voltage and sensitivity seems to be more compared with the eﬀect of change in temperature. From
the simulated result for output voltage the change in resistance is almost constant so the corresponding output voltage
is also constant. There is a significant change in output voltage when pressure is applied. Thus it can be concluded
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Fig. 7. Temperature versus sensor output voltages at diﬀerent pressure values
that in physical environment, the eﬀect of stress on the performance of MEMS pressure sensor will be more compared
with the temperature and for a given pressure output voltage varies in a linear manner. Under zero applied pressure
the output voltage obtained from the change in resistance is poor due to thermal strain.
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